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OVONIC MATERIALS


Mihai A. Popescu*

National Institute R&D of Materials Physics, Bucharest-Magurele, Atomistilor Str.

             No. 105 bis, P. O. Box MG. 7, ROMANIA 
A short review on the ovonic materials is given. The first steps in thiws field are shown. The important contributions of Stanford R. Ovshinsky at the dawn of Ovonics and in the latter years are pointed out.The most important materials are evidenced. Tables with data on ovonic materials are collected and discussed.
The effect of electrical switching in chalcogenide glasses has been discovered between 1962 and 1969. Ovshinsky and Pearson in USA and Kolomiets and Lebedev in the former Sovjet Union were the pioneers in this field with important output in applications. The switching effect shows for many materials unique properties of reversibility, i.e. is characterized by the possibility to switch-on and switch-off the state of electrical conduction  (resistivity) for many times ( ~ 104 cycles). The switching effect is also interesting, not only as specific and outstanding effect in non-crystalline chalcogenides, but as a phenomenon with various technical applications. The reversibility of the switching allows to use the chalcogenide materials as model materials for the study of the peculiar behavior of semiconductors in high electrical fields, above the breakdown threshold and for times larger than the time corresponding to conduction path formation. The crystalline semiconductors and dielectrics are destroyed in the first stage of electrical breakdown and this limits the possibility to study the material with fields lower than the threshold ones, for low times of action.   


The chalcogenides offer the possibility to study experimentally, in details, the processes that take place in all stages of the switching both for short times, when the switching starts in the low-resistivity state, and rapid switching-on, and, also, in the reverse transition with the appearance of the high electrical resistance state. 


Pearson et al. [A.D. Pearson, W. R. Northover, I. F. Dewald, I. W. Peck, Adv. in Glass Technol., N.Y. Plenum Press, 1962, p. 357] reported the observation of S-like, volt-ampere characteristics in the system As-Te-I. Kolomiets and Lebedev observed in 1963, a rapid, in samples of composition TlAs(Se,Te)2, significant and reversible change of current described by similar S-shape characteristic [B. T. Kolomiets, E. A. Lebedev, Radiotehnica I Elektronika (russ.) 1963, 2037]. The main characteristics were investigated and applications were suggested.


The first systematic investigation on the switching effect started after the creation by S. R. Ovshinsky during the years 1961-1968 of thin film rapid switch based on amorphous compositions of the system Si-Te-As-Ge (STAG) and demonstration of the very short transition times (<10-10 s) from high resistivity to low resistivity state [S. R. Ovshinsky, US Patent No. 3.721.591, 6. Sept. 1966; S. R. Ovshinsky, Phys. Lett. 21,1450 (1968)]  

The chalcogenide glasses (especially those based on Ge, Sb and Te) are key materials not only for the electrical switches, but, also, for erasable optical storage [K. A. Agaev, A. G. Talybov, Sov. Phys. Cryst., 11, 400 (1966); I. I. Petrov, R. M. Imamov, Z. G. Pinsker, Sov. Phys. Cryst., 13, 339 (1968)]. In the late 1990s , R&D activities finally led to the realization of of optical data storage with a 4.7 GB capacity, the so-called digital versatile disc random access memory (DVD-RAM) [M. Terao, A. Hirotsune, Y. Miyauki, M. Miyamoto, T. Nikshida, K. Andoh, Proc. SPIE 3109, 60 (1997)]  
The ground ovonic material is Ge15Te81S2Sb2.

This is a memory material. It is analogous of Ge15Te85 that represents an eutectic composition in the binary system Te-Ge (eutectic temp. 375 oC). Addition of S and Sb changes the crystallization speed when the material is heated in the glassy state. Starting from the glassy state, heating up to temperatures 140 <T< 240 oC leads to the formation of Te and GeTe. Further heating leads to the dissolving of crystallites and formation of the liquid phase. When the liquid is slowly cooled, polycrystalline low resistivity material is obtained. During cooling from the crystallization temperature (140<T<375 oC) down to room temperature all the crystallites are maintained independently on the rate of cooling. 

Heat of crystallization of the glass: 62.775 kJ/kg.

Parameters of the threshold switching:

Vthr ( 250 V; current intensity in the state ON: Ion ( 0.4 mA; delay time:  td  ( 0.2 ms

 The conductivity of Ge17Te79Sb2S2 is 10-5 (-1cm-1 at room temperature and passes in the memory state in several miliseconds.

The so called threshold material is by: Te39As36Si17Ge7P1. The conductivity at room temperature is 10-7 (-1cm-1. The material needs more time to pass into memory state. For electrical fields below 103 V/cm the resistivity is: ((T)=5(10-3 exp(0.5eV/kT)  (.cm.

Optical gap:   Egopt=1.1 eV

The crystalline form of the ovonic materials:

Ge2Sb2Te5:    a=4.20 Å c=16.96 Å spatial group: P -3m1

GeSb4Te7:     a=4.21 Å c=23.65 Å spatial group  P -3m1 

Phase change material for high performance multil-level recording: InSbTe.

(Kelly Daly-Flynn, David Strand, J. J. Appl. Phys. 42, 795, part I, No. 2B, 2003).

Ag7In3Sb6Te30  applicable with laser light of 650 nm; aperture 0.6 NA; speed 2-4 m/s.

Inx(Sb72Te28)100-x with x = 3.9 – 45 at.%

4 layer system:   60 nm (ZnS)80(SiO2)20; 20 nm InSbTe; 28 nm (ZnS)80(SiO2)20; 128 nm aluminium (writing: laser light, 650 nm; erasing: dc power of 7 mW –8 mW) The control parameter: reflectivitiy of the multilayer. 

Characteristics of some switching materials*

	Composition, at. %
	Tg oC
	Eg
EV
	(
(cm
	Vthr
V
	Ithr
(A
	Vhold
V
	Ihold
( A

	Ge
	Si
	As
	Te
	Se
	
	
	
	
	
	
	

	14.3
	-
	47.6
	38.1
	-
	230
	0.9
	2(106
	9.9
	1600
	1.8
	560

	14.3
	-
	47.6
	35.6
	2.5
	250
	0.92
	3(106
	10.4
	250
	2.5
	175

	14.3
	-
	47.6
	33.1
	5
	255
	0.95
	3(106
	12.2
	65
	2.3
	320

	14.3
	-
	47.6
	28.1
	10
	-
	0.97
	3(107
	19.2
	7
	4.5
	200

	14.3
	2
	47.6
	38.1
	-
	249
	0.9
	2(106
	12.1
	53
	2.1
	315

	10
	4.3
	47.6
	38.1
	-
	240
	0.91
	3(106
	16.6
	102
	2
	350

	4.3
	10
	47.6
	38.1
	-
	257
	0.95
	5(106
	15.2
	260
	1.8
	175

	12.3
	2
	47.6
	35.6
	2.5
	238
	0.92
	3(106
	12.7
	105
	2.1
	385

	12.3
	2
	47.6
	33.1
	5
	250
	0.99
	5(106
	14.5
	22.5
	1.9
	217

	10
	4.3
	47.6
	35.6
	2.5
	251
	-
	5(106
	11.7
	45
	1.8
	295

	10
	4.3
	47.6
	33.1
	5
	262
	0.9
	1(107
	13.1
	15
	2.5
	114

	4.3
	10
	47.6
	35.6
	2.5
	252
	-
	1(107
	12.5
	55
	1.6
	245

	4.3
	10
	47.6
	33.1
	5
	251
	-
	2(107
	17
	12
	2.7
	50


· Electronic Phenomena in Chalcogenide Glasses,
       Ed. K. D. Tsendin,   Nauka, Moscow, 1996, Chap. 6

Two compositions, Ge14.3As47.6Te38.1 and Si15As40Te45, are able to support a high number of switching cycles (105).

The ground parameters, which characterize the memory effect.

	Composition
	Electrode doped by
	Recording pulse
	Erasing  pulse

	
	
	Vthr
(V)
	Vrec
(V)
	Irec
(mA)
	Trec
((s)
	Verase
(V)
	Ierase
(mA)
	Teras,
 s

	Ge25As50Te25
	-
	8
	4
	20
	4-5.104
	19
	40
	0.5

	Si12Te48As30Ge10
	Ga
	3.0
	0.2
	1
	0.2-0.3
	1
	10
	0.1

	Si12Te48As30Ge10
	Bi
	3.5
	0.4
	2
	1-2
	2
	20
	0.2

	Si12Te48As30Ge10
	Cd
	4.5
	0.9
	3
	2.0-5.0
	4
	30
	0.3

	Si12Te48As30Ge10
	Sb
	3.5
	0.7
	4
	5.0-10.0
	3.5
	25
	0.4

	Si12Te48As30Ge10
	Te
	8
	3.0
	20
	4-5.104
	20
	70
	0.5


 (Si32Te32As4Ge32)100-xNix

	X
	(E (eV)
	Egopt

	0
	0.57
	1.18

	4.64
	0.32
	1.14

	10.6
	0.165
	1.05

	14.9
	0.114
	0.95


                       T. Gomi et al., J. Non-Cryst. Solids, 41, 37, 1980

The type of switching in various binary, ternary and quaternary 

Te-based systems.

	Glass system
	Type of switching

	As-Te
	Memory

	Ge-Te
	Memory

	Al-Te
	Memory

	Ge-As-Te
	Memory

	Al-As-Te
	Memory and threshold

	Si-Te-As-Ge
	Memory and threshold

	Al-Ge-As-Te
	Memory and threshold


Thin films:     Ge10Si12As32Te46    and Ge10 Si12 As37Te41
The optical band gap, Eg, increases with the thickness of the films and with increasing As content.

Si-As-Te system

Synthesis in vacuum, at 1000-1100 oC for 16-40 h followed by quenching in air.

Si5As25Te70   Tg = 120 oC

Si37As30Te70  Tg = 504 oC

Si45As25Te30  Tg = 412 oC

(A. Feltz, Zeitschr. Für angewandte und allgemeine Chemie, Band 396, S. 103, 1973).

Other compositions:

Ge2Te89Sn9 + Ni, Pd, Pt   (Crystallization temp. 101 oC)

Refractive index of tellurium:   in crystalline state: 5.3; in amorphous state: 3.3 (or 3.4).

(J. Mossinski et al., Phys. Lett. A 42, 453, 1973).

Stanford R. Ovshinsky investigated a large range of compositions:

	Ge15Te81Sb2S2 Ge10Te70As10Sb10 Ge10Te60As20Ga10 Ge5Te90Si3Sb2 Ge20Te60Se10S10 Ge15Te81In2S2 Ge10Te85In2.5Ga2.5
	Ge8Se90Tl2 

Ge10Se85S5 Ge20Se70Bi10 Ge20Se70Tl5S5 Ge15As15Se70 Se95S5 Se85Tl10As5

	Ge14Te80Bi2In2S2 Ge10Te85Bi5 Ge20Te60Se20 
Ge15Te85

Si5Te95 


Si10Te85Bi4



Data storage materials developed by Nippon T&T (active materials based on photoinduced structural changes):

Ge30As25Se45
Ge10As40Se30
Phase change recording films based on Ge doped Sb70Te30 (Her and Hsu, Jap. J. Appl. Phys., 42,804, 2003).

A flash xenon lamp could be used to switch amorphous Te85Ge15 to the conducting state provided the flash time exceed 3 ms. Argon-ion laser radiation of 514.5 nm wavelength on a 5 (m spot of amorphous Te81Ge15Sb2S2 was used and was found that a 1 (s pulse of 100 mW induced crystallization. A pulse of approximately the same power and duration determines the revitrification of the material.

The fact that the same energy pulse can crystallize and revitrify the material is somewhat surprising. This is explained by the fact that the absorption constant of the crystallized material is larger than that of the amorphous material at 514.5 nm and, in addition, the crystallized material has a lower heat capacity than the amorphous material. Consequently, the crystallized material will reach a higher temperature with the same or even less laser energy than in the case of the glass (J. Feinleib et al., Appl. Phys. Lett., 18, 254, 1971). 

The current voltage (I – V) characteristics and electrical switching behavior of As40Te60-xInx (5 ≤ x ≤ 16.5), As35Te65-xInx (12.5 ≤ x ≤ 21.5) and As30Te70-x  (12.5 ≤ x ≤ 21.5) have been studied over wide ranges of indium concentrations x and average coordination numbers <r>. All the glasses studied show a threshold switching behavior. The composition dependence of the switching field is found to exhibit a distinct change in slope at <r> = 2.65 and a local minimum at around <r> = 2.69.

(J.T. Devaraju et al., Phil. Mag. B, 81(6), 583, 2001).

Bulk Ge20Te80-xPbx (2 ≤ x≤ 8) glasses have been prepared by melt quenching and their electrical switching behavior has been investigated as a function of lead content and sample thickness. The samples were found to exhibit a threshold type of switching. The switching voltages are found to decrease with increase in lead content and they show an anomaly at the composition x = 5 and withstand about 28 switching cycles, before latching permanently to the ON state.

Data storage mechanism

The amorphous semiconductor memory materials which form the basis of Ovonic memory devices store information through changes in their atomic structures caused by application of an energy pulse. These materials, which are multi-element chalcogenide alloys, can exist in a stable fashion in amorphous and crystalline structures, and also in a range of “intermediate” structural states. These different atomic structures have different characteristic physical properties, including different values of electrical conductivity. The ability of a memory device to be programmed to stable intermediate structures allows for storage of multiple bits of information in each memory cell location, to which we refer as the multi-state programming mode. The memory cell in the Ovonic Universal Memory  (OUM) is programmed by application of an electrical pulse. The most important programming parameter is the current amplitude, although other characteristics, including pulse width and rise and fall tie, describe an “overall pulse profile”, which affects the programming characteristics in a secondary fashion. OUM devices can be programmed to exhibit electrical resistance values that are directly related to the magnitude of programming current passed through the device. The electrical characteristic of the device during the programming pulse are essentially the same as those of a related thin film chalcogenide alloy device, the Ovonic threshold switch. Both the threshold switch and the memory device show a non-ohmic, super-linear, low-field resistance, although a linear approximation is good at electrical fields below 104 V/cm.

Ovonic universal memory cell data.

	Data
	Binary mode devices
	Multi-state devices

	Programming Endurance
	1013 cycles without failure/test discontinued
	108 cycles without failure/test discontinued 

	Data retention
	10 years at 100 oC
	Under test

	Biased data stability
	Not affected by bias voltage below device switching threshold
	Not affected by bias voltage below device switching threshold

	Programming voltages
	Less than 2 V
	Less than 5 V

	Programming currents
	0.2 mA
	1 mA to 4 mA

	Programming times
	1 ns to 400 ns
	1 ns to 400 ns

	Low resistance state
	5 k(  to 20 k(
	1 k(  to 20 k(

	High resistance state
	20 k.( to 1 M(
	20 k(  to 100 k(


The Ovonic memory devices store the programmed information in a non-volatile manner using the high contrast between the high resistance, low optical reflectivity amorphous state and the low resistivity , high reflectivity crystalline state. The phase change is initiated by short light or electrical pulses of different intensity and time shape. High speed and low energy programming requires a material that undergoes the phase changes with minimum motion of the constituent atoms. There is no time for diffusion and phase separation. The flexibility of 2-fold coordinated chalcogen atoms and 3-fold coordinated pnictide atoms provide the ideal building blocks for designing materials with the desired energy balance between the amorphous and crystalline phases.

The Ovonic Universal Memory is a cognitive device. It exhibits analogous accumulation and activated firing capabilities with a choice of the number of pulses in the silent zone, the zone before the percolation threshold and the rapid resistance change. The scope of possible applications is immense. The fact that the silent zone hides the stored information which can only be obtained when one knows the exact parameters needed to encode it, the pulse widths and amplitudes, gives it unique encryption capabilities. Moreover, the non-binary storage and pulse accumulation capabilities provide the conditions for calculations in non-binary arithmetic systems.

(H. Fritzsche, Ovshinsky Award Lecture, ISNOG 14, Cocoa Beach, Florida, USA, 2004)

Estimated values of Tg/Tm and calculated values of nose temperature (Tn), of the time, tn, of the temperature coming to Tn,. The critical crystallization time corresponds to the volume fraction   of   crystallization   of   10-6.    The    critical   

                      rate   of crystallization is given by Rc=(Tm-Tn)/tn.

	Element
	Tm (K)
	Tg (K)
	Tg/Tm 
	Tn (K)
	tn (s)
	log Rc (K/s)

	Sb
Ag

Cu

Co

Pb

Te

Ge
	895
1235

1357

1768

601

722

1212
	182
250

298

445

152

285

750
	0.20
0.20

0.22

0.25

0.25

0.39

0.62
	600
800

900

1200

375

500

945
	7.41 ( 10-8
2.98 ( 10-7
3.38 ( 10-7
6.54 ( 10-7
7.07 ( 10-7
5.75 ( 10-6
8.96 ( 10-4
	9.61
9.16

9.13

8.94

8.50

7.54

5.47


             M. Okuda et al., JJAP Series 6, Proc. Int. Symp. on Optical Memory, 1991, p. 73. 
Optical, mechanical and thermal properties of different materials including the memory materials.

	Material
	Refractive index at
( = 650 nm
	Density (kg/m3)
	Young’s modulus (N/m2)
	Poisson’s ratio
	Specific
 heat

 (J/(kg K))
	Thermal conductiv. W/(m K)
	Coeff. 
of linear expansion

	GeTe-Sb2Te3-Sb (Amorphous)
GeTe-Sb2Te3-Sb (Crystalline)

2:1:0.5 (mol ratio)

ZnS-SiO2
4:1 (mol ratio)

SiO2
Al alloy

Polycarbonate
	4.21 + 1.89i
4.56 + 4.23i

2.0

1.46

2.2 + 7.5i

1.58
	-
6150

3650

2202

2750

1200
	-
5.49 ( 1010
7.81 ( 1010

7.81 ( 1010

7.03 ( 1010

2.26 ( 109
	-
0.33

0.2

0.2

0.345

0.3
	-
0.209 ( 103

0.563 ( 103

0.753 ( 103
0.892 ( 103

0.126 ( 102
	-
0.581

0.657

1.313

0.215 ( 103
0.223
	-
1.1 ( 10-5

7.4 ( 10-6

5.5 ( 10-7

2.2 ( 10-5

7.0 ( 10-5


T. Ohta, S.R. Ovshinsky, in Photo-induced Metastability in Amorphous Semiconductors, Ed. A. V. Kolobov, Wiley-VCH, 2003, Ch. 18.
The application of GeSbTe glasses in optical data storage is determined not only by the large refractive index difference between the amorphous and crystalline states, but also by the structural transition time being matched to the data access speed of computer systems. The laser induced phase transitions applied to optical data storage followed the objective of developing of an erasable type of optical disc systems without any magnetic heads. The last decade research pursuited the goal to increase the refractive index difference and improve the reliability in erasing cycles. Different combinations have been investigated, but only two compounds have finally survived: GeSbTe and AgInSbTe. The most useful and valuable composition in the GeSbTe system is Ge2Sb2Te5, which is a pseudo-binary Sb2Te3 – GeTe composition; the other two compositions are GeSb4Te7 and GeSb2Te4. As is well known, Ge2Sb2Te5 glass is now used as a recording layer of DVD-RAM. Several different compositions of AgInSbTe are adapted in compact disc rewritable (CD-RW) and DVD-RW discs. In order to increase the storage capacity of optical discs (up to 100 GB), modified structure and recording method were proposed such as a multilayer medium with double recording layers and mark area recording. Almost all current optical readout systems utilize far-field optics, which imposes the diffraction limit on their resolving power, similar to Heisenberg’s uncertainty principle in quantum physics. The optical beam spot size cannot be reduced beyond the diffraction limit, defined as  (/(2NA) where NA is the numerical aperture (<1.0) of the lens and ( is the wavelength of the recording radiation.As two marks or pits are not allowed in the same spot, the mark resolution readable in the optical system is ½((/(2NA). In the most advanced optical systems using a blue laser (405 nm), the NA of the available lens is 0.85. This limits the resolution at 120 nm. In order to overcome the limitation imposed on resolution by far-field optics, and to increase the optical capacity beyond 100 GB, there was proposed in 1990s the application of the near-field optics. Near field recording was developed by Tominaga [J. Tominaga in Photo-induced metastability in amorphous semiconductors, p. 327, Ed. A. V. Kolobov, Wiley-VCH, 2003]. A new technique, not using mechanical systems (flying aperture or solid immersion lens) but an optical Sb film was proposed in 1998. This multilayered structure thus obtained has been called super-resolution near-field structure (super-RENS).  
Solid sate ionic device/ non-volatile memory.

Based on the stack: Au metallization/Ag top electrode/Ag0.33Ge0.20Se0.47 (active material)/SiO2 dielectric material/silicon substrate. The memory effect of this device is based on polarity-dependent switching at low voltage bias and current due to the electrodeposition of metal into glassy electrolyte. Instantaneous switching from OFF state (high resistivity) to ON state (low resistivity) takes place at approximately +240 mV (threshold voltage, Vth). The typical resistivity ratio OFF/ON is ~106.

(after M. Mitkova, M. N. Kozicki, J. Non-Cryst. Solids, 299-302, 1023, 2002).
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